Localized surface plasmons (LSPs) in metal nanostructures have attracted much attention for their role in generating non-equilibrium hot carriers (HCs) for photochemistry 1-3 , photodetection 4,5 and photoluminescence 6 . In addition to optical excitation, LSPs and HC dynamics can be driven electrically via inelastic tunneling. LSP-mediated light emission in tunnel junctions 7-13 commonly features photon energies below the threshold set by the applied voltage bias. Recent work 14-18 has reported photon energies significantly above that threshold, while the underlying physical origin remains elusive. Proposed mechanisms include higher-order electron-plasmon and electron-electron interactions 15,17-20 , and blackbody radiation of hot electrons 16,21 . We report measurements of light emission in tunnel junctions of different plasmonic materials and reveal that HCs generated by nonradiative decay of electrically excited plasmons play a key role in above-threshold light emission. We observed the crossover from above-to below-threshold light emission regime by controlling the tunneling current. There is a giant material dependence of the photon yield, as much as four orders of magnitude, much greater than the plasmon-enhanced radiative efficiency of the tunneling gap. The spectral features of light emission are consistent with a proposed mechanism that incorporates the plasmonic field enhancement and a non-equilibrium HC distribution parametrized by a bias-dependent Boltzmann factor. The effective temperatures of HCs are found to correlate with the bias voltage, rather than the dissipated electrical power. Electrically driven HC generation (above 2000 K under modest voltage) and plasmon-enhanced light emission could open new strategies for chemistry, optoelectronics and quantum optics.
as subwavelength light sources 8 and ultrafast on-chip wireless communication 22 . Radiative decay of LSPs excited by inelastic tunneling of electrons has long been recognized as the dominating mechanism 23 , leading to broadband emission at photon energies less than the energy scale of the applied voltage (eV). Corresponding efforts 7-10 over the past decade have focused on optimizing plasmonic excitations of metallic nanostructures to improve the light emission efficiency (photon yield). A number of pioneering works [14] [15] [16] 21 performed by scanning tunneling microscopy (STM) and nanostructured planar tunnel junctions have demonstrated above-threshold light emission, where photons emitted from tunnel junctions have energies extending to 2eV or even 3eV, in contradiction with a simple single-electron picture of electrically driven plasmonic excitation and decay ( Fig. 1a ).
Above-threshold light emission requires a multi-electron process. One candidate mechanism is based on the blackbody thermal radiation of the hot-electron gas formed in the drain electrode by electrons that elastically tunnel through the junction 16 . In this "many-electron" picture ( Fig. 1b) , tunneling electrons can thermalize rapidly via inelastic electron-electron scattering, faster than their energy can be coupled to the lattice via electron-phonon scattering. The result is an effective temperature of a hot-electron gas set by the dissipated electrical power (Joule heating) and the electron-lattice coupling. The frequency-dependent thermal emission spectrum reflects the plasmon-modified photonic local density of states rather than the free-space density of states.
Other multi-electron mechanisms [17] [18] [19] [20] have been put forward, under which the coherent interaction between electrons ( Fig. 1c) , either through Auger-like processes or mediated by plasmonic excitations, could facilitate inelastic tunneling electrons gaining excess energy above eV and subsequently lead to above-threshold light emission via radiative decay of excited LSPs.
While these proposed mechanisms provide important insight into understanding of above-threshold light emission as well as electrically driven light-matter interaction at the nanoscale, it has been a challenge to identify the relative contributions of different mechanisms via experimental efforts.
Here, we report systematic observations of below-and above-threshold light emission in tunneling junctions made of different plasmonic materials. In light of the extremely strong material-dependent photon yields observed, we propose a mechanism in which LSPs play a crucial role in both the generation of the HC population and the light emission process. As shown in Fig.   1d , LSPs excited by inelastic tunneling electrons undergo a non-radiative decay process in which a plasmon energy quantum ℏ# $%& is transferred to an individual conduction electron-hole pair.
The energy distribution of these HCs is centered around the Fermi level ' ( , and extends to ' ( ± ℏ# $%& . In contrast to optical excitation, which only induces interactions with bright dipolar plasmons, tunneling electron could excite any plasmon (dark and bright) in the system 24 . The plasmon spectrum of the nanogap structure is continuous and extends up to the bulk plasmon energy. The electron-plasmon coupling is proportional to the local electrical field intensity |+| , , associated with the plasmon. A non-equilibrium HC distribution is sustained during continuous electric conduction. The steady state HC distribution depends on the time interval between successive electron tunneling events and the HC lifetimes, with higher energy carriers for larger voltages (currents) 6 . In this picture the steady-state effective temperature of the HCs is related to this bias window exciting the LSPs, rather than simply related to the dissipated electrical power.
The above-threshold light emission originates from the (bright) plasmon-enhanced radiative recombination of hot electrons and holes with high energies. By analyzing the material-dependent spectral information of the light emission and the applied electrical conditions, we have successfully extracted the spectrum of the bright LSPs and the effective temperatures of the correspondingly generated HCs.
Our experimental scheme for measuring light emission in plasmonic tunnel junctions is illustrated in Fig. 2a . We have fabricated extended nanowire devices (~600 nm long) made of metallic materials (Au, Au/Cr, Au0.6Pd0.4/Cr, and Pd/Cr). The ultrathin adhesion layer of Cr (~1 nm) is also a damping medium for the plasmonic resonances, providing control experiments to the pure Au case. To create a subnanometer-sized tunneling gap in the nanowire, an electromigration approach 25 is employed (see Methods and Supplementary Information for details). In the light emission measurements, we applied a voltage bias V to drive electron tunneling through the junction and measured the resultant electrical current and light emission simultaneously (see Methods for experimental procedures). To maintain the high stability and cleanliness of the tunnel junctions during the measurements, our experiments were performed with the substrate at 5 K in a high vacuum environment. The measured I-V characteristics of a representative postelectromigration Au tunnel junction device (zero-bias d.c. conductance G = 0.25 G0, where G0 = 2e 2 /h is the conductance quantum) is plotted in Fig. 2b , showing weak to moderate nonlinearity with no sharp features, as expected for a vacuum tunnel junction. Emitted photons from the tunnel junction are collected through free-space optics and imaged on a CCD camera/spectrometer (see Methods). Figure 2c shows the wide-field light emitting images of the tunnel junction operating under increasing voltage bias V from 1 to 1.2 V, clearly demonstrating a voltage-tunable bright light source in the tunnel junction.
The corresponding polarization and spectral characteristics of the emitted photons can be obtained from spectroscopic measurements and are set by the plasmonic modes of the junction. In Fig. 2d for a pure Au junction, remarkable, pronounced above-threshold light emission is observed, as all measured photons are at energies larger than the applied voltage (1 V). Moreover, the polarization-spectral contour plot reveals the mode structure of the LSP resonances excited by the inelastic tunneling electrons, with peaks in the photon emission at around 1.3 eV and 1.7 eV for the studied junction. We have performed additional control experiments (see Supplementary Information) that show that both the dipolar "tip" plasmons and the transverse plasmons originating from the nanowire configuration contribute to the overall spectral line shape. The hybridization of these and higher order multipolar modes, due to the broken symmetry of the tunnel junction geometry, creates the LSPs localized in the tunnel gap 26 .
We examined in detail how the above-threshold light emission is affected by the driving voltage and tunneling current for the different junction material combinations. As shown in Fig. 3 , we performed light emission measurement on tunnel junctions at different current regimes by a two-step electromigration approach (see Methods and Supplementary Information for details).
Briefly, controlled electromigration protocols were applied to break a nanowire and create a tunnel gap stable for light emission and transport measurements. Subsequently, the same tunnel junction is further electromigrated to form a slightly larger separation tunnel gap (and thus lower current under a given voltage). Comparison of such results for Au/Cr and pure Au tunnel junctions reveals an important insight. In the Au/Cr device, light emission in the high-current configuration (Fig. 3a) contains a substantial above-threshold portion, whereas the same device in low-current configuration (Fig. 3b ) exhibits a clear cut-off in the emission spectrum, reminiscent of the previous observations 8-10 of below-threshold light emission. In contrast, for pure Au junctions, in the high-current configuration ( Fig. 3c ) all emitted photons have energies exceeding the eV threshold. In the low-current configuration (Fig. 3d ), above-threshold photons are still observable, even though the tunneling current in this junction is much smaller than the Au/Cr case of Fig. 3b .
Because of the device-to-device variation in the obtained conductance of the electromigrated tunnel junctions, it is most meaningful to compare ensembles of devices by the emitted photon yield for the same applied voltage; that is, to calculate the total photon counts per tunneling electron at a particular voltage. Light emission in junctions in the high-current configuration results in higher photon yield than their low-current counterparts (see Supplementary Information for more results). Specifically, for the devices in Fig. 3 , the enhancement factor of the photon yield relative to the lower current configuration is ~ 5 for Au/Cr and ~ 8 for Au.
The marked qualitative and quantitative difference in light emission in a given junction depending on current regime shows that by increasing the tunneling current, the crossover from below-to above-threshold light emission regime can be observed, along with the enhancement of the photon yield. One consideration is whether the observed difference in light emission intensity between high-and low-current configurations can be explained by the change of plasmonic enhancement effects induced by the more distant tunneling gap. Since tunneling at the smallest gap distances (relevant here, see Supplementary Information for more discussion) has been found to suppress plasmonic enhancements in, e.g., nanoparticle geometries 27 , the decreased yield at larger gap distances is unlikely to have a simple plasmonic origin.
To understand the strong material-dependent characteristics of above-threshold light emission shown in Fig. 3 , we investigated a large number of tunnel junctions made of Au, Au/Cr, Au0.6Pd0.4/Cr and Pd/Cr. To account for device-to-device variation in the tunnel junctions, light emission and transport measurements were performed on ~100 devices. Figure 4a summarizes the results obtained by plotting the measured photon yield (on logarithmic scale) as a function of the corresponding voltage and tunneling current. Pure Au tunnel junction devices feature the highest photon yield, followed by Au/Cr, Au0.6Pd0.4/Cr, and Pd/Cr with the lowest yield. We further analyzed the relationship between the photon yield and the applied voltage ( Fig. 4b ) by selecting devices with tunneling current of roughly 100 μA (at which level above-threshold light emission is observed in all devices). Interestingly, given the applied voltage, the photon yields of pure Au tunnel junctions are around two to three orders of magnitude higher than the corresponding Au/Cr and Au0.6Pd0.4/Cr junctions, and nearly four orders of magnitude higher than the Pd/Cr junctions. This is particularly surprising because while the plasmonic characteristics of these chosen materials are distinct, the calculated electric field intensity enhancements of the LSPs in the different materials, related to the bright plasmon radiative enhancement, only differ by a factor of ~10 -20 ( Fig. 4c to 4f and see Supplementary Information for more results).
This implies that the giant material dependence does not originate solely from the plasmonic enhancement of the photonic local density of states, and that the LSP properties such as their coupling to the tunneling electrons and the lifetimes of the HC distribution play important roles in the above-threshold light emission process. Transition metals such as Cr and Pd dampen the electric fields associated with LSP, which reduces the electron-plasmon coupling, thereby decreasing the number of HCs. In addition, the unfilled d-band increases the electronic density of states around ' ( , thereby decreasing the lifetimes of excited carriers. This shifts the steady-state distribution to the lower energies (closer to ' ( ), making above-threshold light emission less likely 6 . Figure 4b also reveals orders-of-magnitude enhancement in the photon yield in the same material by increasing the applied voltage by around 1V, indicating that a bias-dependent factor is essential to understand above-threshold light emission.
To elucidate the physical origin of the above observations, in analogy with prior efforts 16,17 , we apply a normalization procedure to the measured light emission spectra. The spectra obtained at different applied voltages in the same configuration of a tunnel junction are normalized to the spectrum at the highest applied voltage, V0. Figure 5b plots the results for the spectra shown in Fig.   5a , showing normalized spectral intensity (on logarithmic scale) that decays linearly with the emitted photon energy, irrespective of the applied voltage that sets the photon energy threshold in below-threshold light emission. This linear dependence indicates that the emission can be described well by a Boltzmann factor , where Teff is the effective carrier temperature in the Boltzmann distribution. The slope of the linear frequency dependence for a given bias voltage V is then proportional to (1/Teff (V0) -1/Teff (V)). The existence of a well-defined effective temperature implies that the characteristic carrier-carrier inelastic scattering is much faster than the electron-phonon scattering.
Determining a specific set of bias-dependent Teff values for a given device, including
Teff(V0), requires further modelling. We have considered candidate models (see Methods and
Supplementary Information for details) that relate the effective temperature to the dissipated electrical power 16 , the applied voltage, and the tunneling current. Interestingly, it is found that over the ensemble of devices, the effective temperatures are comparatively uncorrelated with the dissipated electrical power ( Fig. 5e ), for each of the different materials. This is surprising based on previously proposed thermal radiation models of above-threshold light emission in which the hot electron gas Teff is set by the square root of the dissipated electrical power (schematics shown in Fig. 1b ), due to the energy flow between the charge carriers and the lattice vibrations.
Instead, inspired by a model of HC generation proposed to explain anti-Stokes photoluminescence in plasmonic nanoparticles 28, 29 , we consider the emitted intensity , where ρ(ω) is the plasmonically modified photonic density of states and a is a power greater than or equal to 1 (See Methods and Supplementary Information). With this assumption, there is a clear linear relationship between the effective temperature and the applied 5f ). This is consistent with the HC picture shown in Fig. 1d . In this model the energetic range of the HCs is set by the bias voltage, leading to an effective carrier temperature determined by the applied voltage rather than thermally via the dissipated power. As a consequence,
both Teff and the steady-state population of non-equilibrium carriers will be larger in materials with better plasmonic properties. This is consistent in our data and modelling, as shown in Fig. 5f , with pure Au junction having the highest effective temperatures and largest photon yields ( Fig. 4b) compared to other materials at a given voltage.
Within this model, the emission process is electron-hole recombination enhanced by the LSP-modified photonic density of states ρ(ω). As shown in Fig. 5c , analysis permits the extraction of ρ(ω) from the emission spectra in Fig. 5a for a given device. This spectrum is qualitatively consistent with the electric field intensity enhancement as a function of photon energy calculated were inferred to be around ~0.1-0.4 nm in a typical device.
Combined transport-spectroscopy measurements. Electrical transport and light emission
experiments are performed on an electromigrated tunnel junction simultaneously while a voltage bias is applied across the tunnelling gap (see Supplementary Fig. 3 for the setup). The resultant electrical current is measured using a current amplifier (SRS 570) while the emitted photons from the tunnel junction are collected through a high NA objective (Nikon ×50, NA 0.7) and imaged on a white light camera or a spectrometer system (Horiba 320/Synapse CCD). The optical components are pre-aligned with the tunnel junction on the focal point of the objective by using a custom-built Raman spectroscopy setup integrated into the measurement optics. To verify the relationship between the line shape of the light emission spectrum and the plasmonic modes of the nanowire devices, we have performed control measurements on devices with long-(600-nm) and
short-(60-nm or less) nanowires (see Supplementary Section 4). To maintain the high stability of the electromigrated tunnel junctions, our experiments are performed at 5 K in high vacuum.
Control experiments at 30 K and 80 K are done to ensure the above-threshold light emission characteristics are not fundamentally changed at different temperatures ( Supplementary Fig. 7 ). In addition, the influence of the substrate material is also evaluated by measuring light emission from devices on a substrate of sapphire ( Supplementary Fig. 8 
Supplementary Table 1:
Summary of the models applied for above-threshold light emission and effective temperatures of the hot carriers
Electromigration protocol for creating tunneling gaps
The electromigration process is initiated at 80 K by supplying cycles of voltage sweep into the nanowires using a source meter (Keithley 2400). As shown in Fig. S1a , the electrical current is continuously recorded as a feedback signal for ending the voltage cycle immediately once a sudden drop of current is measured, indicating a small resistance increase (~0.4% more than the initial resistance) due to the atomic migration in the nanowire. Subsequent cycles of voltage sweep are applied to further electromigrate the nanowire. Once the resistance of nanowire reaches a few hundreds of Ohms the substrate temperature is lowered to 5 K. The same electromigration procedure is performed at this temperature on the metallic nanowire until a tunnelling gap is form.
The evolution of the electrical resistance during the electromigration process before the formation of the tunnel junction (zero-bias d.c. resistance R0 larger than 12.9 kΩ, the resistance quantum) is shown in Fig. S1b . We have found that such protocol is crucial to achieve a high yield of tunnel junctions with high stability for both transport and light emission measurements (as shown in Fig.   S1c , stable tunnelling current of the electromigrated tunnel junction in a high-current configuration is observed for over 2000 s).
The low-current configuration of a tunnel junction is obtained by further electromigration of a high-current configuration. Specifically, the electromigrated tunnel junction is subject to increased voltage steps (0.5 V/step with 5s of dwell time on each step) until a sizable jump in the electrical resistance is observed. The voltage that initiates further electromigration of the tunnel junction to form a more distant tunnelling gap is usually larger than the highest voltage applied in the transport and light emission measurements for the high-current configuration (in the first step electromigration). This protocol is found to be more reliable than slowly applying a voltage sweep on a high-current configuration in generating a stable tunnelling gap without breaking the junction (in a broken junction scenario, R0 is much larger than GΩ level). As shown in Fig. S1d , the tunnelling current is recorded in the low-current configuration of the same tunnelling junction in Fig. S1c and demonstrates excellent stability.
We note here that the while a precisely controllable electrical resistance of a postelectromigrated tunnel junction is not achievable due to the spontaneous nature of the atomic migration process driven by thermal and electrical stimuli, examining multiple current regimes of a single tunnel junction is possible by applying the above electromigration procedures.
I-V characterization and estimation of the gap sizes of tunnel junctions
The I-V characteristics of the electromigrated tunnel junctions are measured and approximated using the Simmons model 1 to estimate the size of the tunneling gap. As shown in Figure S3 illustrates the experimental setup that enabled us to conduct combined electrical transport and spectroscopic measurements in electrically driven tunnel junctions. Following electromigration of the nanowire devices, the optical pathway of light emission from the tunnel junctions was aligned and calibrated using a home-built Raman spectroscopy setup. When a voltage bias is supplied across the tunnel junction, the resultant electrical current and emitted photons are simultaneously measured via a current pre-amplifier (SRS 570) and an optical spectrometer (Horiba iHR 320/Synapse CCD), respectively. The wide-field images of an operating light-emitting tunnel junction (as shown in Fig. 2d ) were captured by a CCD camera. All light emission spectral and polarization-dependent measurement results reported in this work were corrected accordingly with the spectral response function of the silicon CCD detector and the light collection efficiency of the applied free space optics.
Experimental setup

Localized surface plasmon modes of the tunnel junctions
To understand the spectral line shape and polarization dependence of the measured light emission, we performed control experiments on two kinds of tunnel junction devices with long (600 nm) and short (60 nm or less) nanowires, respectively. In the long nanowire scenario, it has been shown in the work done by some of us 2 that the nanowire configuration and the asymmetric gap geometry allows a dipolar plasmon mode in the transverse direction (across the nanowire, 90°
in Fig. 2b ) that strongly interacts with optically dark multipolar plasmon modes localized in the tunneling gap region. Therefore, the localized surface plasmon modes in the tunnel junctions will inherit the plasmonic properties of both the dipolar inter-electrode "tip" mode (across the gap, 0°) and the transverse "nanowire" mode.
As shown in Fig. S4 for a representative Au/Cr tunnel junction device, two peaks dominate the light emission spectra. It can be seen from the polarization dependent measurements (Fig. S4b) that the high energy peak favors the transverse plasmon mode while the low energy peak contains components from plasmon modes on both directions and favors the longitudinal ones in the studied junction. In contrast, in the short nanowire scenario (Fig. S4d to S4f), no high energy peak corresponding to the transverse mode is observed in the light emission spectra. This is expected for a tunnel junction with a very short extended nanowire in which the transverse plasmons are significantly attenuated compared to the long nanowire geometry. These control measurements verify that the plasmonic resonances due to the localized surface plasmons in the tunneling gap determine the line shape of the observed spectral light emission.
Evaluation of the dependence of light emission on tunneling current
In addition to the results presented in Fig. 3 , we have conducted transport and light emission measurements on ~30 tunnel junctions with both high-and low-current configurations to gain better understanding of the current dependence of photon yield. As summarized in Fig. S5 , the measured photon yield of light emission in a high-current configuration is found to be always larger than one compared to that of the low-current configuration when the same voltage bias is applied. As we briefly discussed in the main text, the observed current dependence and photon yield difference cannot be simply explained by the localized surface plasmon induced intensity enhancement effects. It has been demonstrated by many studies 3-5 that in a sub-nanometer sized gap, the plasmonic near-field effects tend to be saturated or suppressed by quantum tunneling and non-local charge screening.
A power law dependence of emitted intensity on tunneling current, U(ω) µ I a , can be expected, with the exponent a larger than 1 as shown in Fig. S5 . A linear dependence (a = 1) would be expected for traditional single-electron plasmon-based tunneling light emission, with the number of photons being linearly proportional to the current times the yield of radiatively decaying plasmon excitations. In our modelling (see below) to quantitatively understand the above-threshold light emission, we assumed different values of a between 1 and 2 (i.e., a = 1, 1.2, 1.5 and 2), suggested by our measured values and range of a in Fig. S5 .
Results of normalization analysis in different plasmonic materials
The normalization analysis we applied in this work is to enable the comparison and evaluation of measured above-threshold light emission spectra by ruling out the influence from the device-to-device and material-to-material variations in plasmonic properties. To demonstrate the validity of our procedure, more results for the light emission spectra and the analysis of the electrically driven hot carrier mechanism are plotted in Fig. S6 . It can be seen that the linear decay behavior of the normalized spectral intensity (on logarithmic scale) is common to results from tunnel junctions made of all materials, strongly suggesting the universality of such behavior in above-threshold light emission. A Boltzmann factor ( , with Teff denoting the effective carrier temperature), which is used to well approximate the normalized intensity, can be understood as the steady state hot-carrier distribution component over a broadband energy scale below and above eV. The slope of the linear fit curves, which are always negative, are found to be increasing with the applied voltage (and also the tunneling current) in all measured devices with above-threshold light emission, indicating that Teff is a function of the electrical transport properties of the tunnel junction. To validate the hot-carrier induced light emission mechanism, we can further extract the value of Teff and reveal the relationship between Teff and different transport quantities (V, I, or IV) based on the normalized spectral intensity (see Supplementary Section 9 for detailed discussion). Figure S6 also shows that the collapsed plasmonic resonance function (directly related to the optical local density of state of the localized surface plasmons in the tunnel junctions) obtained at different voltages is found to exhibit sharper resonance peaks in pure Au junctions compared to those obtained for other materials. This is expected, since the thin Cr adhesion layer functions as a damping medium for the plasmonic resonances, consistent with previous study 6 .
Influence of substrate material and temperature on above-threshold light emission
To rule out that physical mechanisms related to the substrate temperature or material type contribute to the observe above-threshold light emission, we conducted several control experiments using a different substrate (Sapphire), and at different temperatures. Sapphire was chosen to address the concern whether the large electrical field (over 10 9 V/m) built in the subnanometer sized tunneling gap causes undesirable physical consequences on the silicon oxide layer and the silicon substrate, which may lead to the observed light emission phenomena. As shown in Fig. S7a , there is no qualitative difference observed in the light emission spectra from sapphire substrate. Moreover, the normalized spectral intensity (Fig. S7b) demonstrates the same linear decay behavior as that shown in Fig. 5b and Fig. S6 , which is key to understanding the electrically generated hot carriers and the induced above-threshold light emission. Figure S8 shows the light emission spectra collected for a tunnel junction measured at different temperatures (5 K, 30 K and 80 K). It can be seen that the overall line shape of the spectra
is not altered and the normalized spectral intensity curves show the linear decay as expected. The slightly modified emission intensity among different temperatures are most likely attributed to the minute atomic migration of the tunnel junction that is thermally driven, which will correspondingly influence the plasmonic properties of the junction. The finite temperature effect has been considered in previous work 7, 8 to understand the observed above-threshold light emission due to the fact that at higher temperature, the Fermi-Dirac distribution of electrons near the energy threshold of eV is broadened by an amount on the order of a few kBT (~26 meV). It can be seen from Fig. S8 that such finite temperature effect is unlikely to explain the measured above-threshold emission in which photons with energies exceeding the energy threshold by around 1 eV are observed. Instead, the observed features on the light emission spectra and the normalized spectral intensity at different temperatures strongly suggest that a plasmonic (non-thermal) origin contributes to the light emission.
Finite-element modelling of the plasmonic properties of the tunnel junctions
The finite-element modelling (FEM) of the plasmonic properties of the tunnel junctions is In addition to the calculation shown in Fig. 4d to 4f, which are for a gap size of 1 nm and at 785 nm, we have also conducted numerical simulations at different wavelength and gap sizes. Figure S9 shows the calculation results for plane waves at 955 nm in a tunnel junction with the gap size of 1 nm, which corresponds to the observed typical low energy light emission peak. It can be seen that the calculated plasmonic enhancement increased by approximately a factor of 10-20
from Pd/Cr to Au tunnel junctions, similar to that shown in Fig. 4 . Furthermore, the plasmonic mode and enhancement effects in a tunnel junction with gap size of 4 nm was also evaluated. As shown in Fig. S10 , the electric field intensity enhancement is found to be smaller in the larger gap scenario as expected for a gap that is beyond the tunneling regime. Similar to the 1 nm gap case, the plasmonic intensity enhancement effects among different materials only differ by one order of magnitude, much smaller than the four orders of magnitude of difference in the photon yield of above-threshold light emission. These numerical calculations provide further details to validate our claim that the observed above-threshold light emission and the giant material dependence in photon yield cannot be simply explained by the plasmonically enhanced optical density of states in the tunnelling gap.
Theory and modelling of the above-threshold light emission and the effective hot-carrier temperature
The models we applied to understand the above-threshold light emission and effective hotcarrier temperature are summarized in Table 1 . and hot holes will lead to broadband photon emission spreading on the whole energy range of the non-equilibrium hot carriers (i.e., above eV). In this model, the applied voltage bias directly determines the upper limit to the energy of the excited surface plasmons, and thus that of the initially generated hot electrons and holes. Therefore, the effective temperature, as an indicator for the broadness of the energy spread of the hot carrier distribution, is expected to be higher for higher applied voltage.
To implement this model, we insert the expression of Teff into and obtained the effective temperature of hot carriers generated at each voltage in different tunnel junctions. The modelling results are summarized in Fig. S11 for different exponent a. Here we note that the case of a = 0 corresponds to the well-established blackbody radiation theory of a hot object at low energy (high temperature) limit (i.e., the Bose-Einstein distribution is reduced to a Boltzmann distribution). Similar to what we have reported in Fig. 5f (for a = 1.2) , a clear linear relationship between Teff and V is revealed, strongly suggesting the effectiveness of this effective temperature model. The slope can be understood as the efficacy of the applied voltage in generating high energy hot carriers, which, according to the above model, should be higher for a tunnel junction with stronger plasmonic excitations.
The second model we evaluated is Teff µ , under which scenario the effective temperature of a hot electron gas formed by the elastically tunneled electrons is determined by the electrical energy dissipation and the electron-phonon scattering strength in the metallic electrode. It should be noted here that if one examines only a single, individual device (e.g., in Fig.   5b ) and tries to model the emission process, the extracted effective temperatures increases with both the applied voltage and the tunneling current. With data from only a single device with a fairly linear I-V relationship, one cannot rule out the possibility that the observed linear correlation of Teff and V originates from the current instead. To test this, we considered a control model, Teff µ I, and evaluated measured spectra for a large set of devices (~100) of different conductances, to gain insight into the influence of tunneling current on the effective temperature of the hot carriers.
As shown in Fig. S13, across 
